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In the context of a homogeneous universe, we note that the appearance of aggressively expanding
advanced life is geometrically similar to the process of nucleation and bubble growth in a ﬁrst-order
cosmological phase transition. We exploit this similarity to describe the dynamics of life saturating
the universe on a cosmic scale, adapting the phase transition model to incorporate probability
distributions of expansion and resource consumption strategies. Through a series of numerical
solutions spanning several orders of magnitude in the input assumption parameters, the resulting
cosmological model is used to address basic questions related to the intergalactic spreading of life,
dealing with issues such as timescales, observability, competition between strategies, and ﬁrst-mover
advantage. Finally, we examine physical eﬀects on the universe itself, such as reheating and the
backreaction on the evolution of the scale factor, if such life is able to control and convert a signiﬁcant
fraction of the available pressureless matter into radiation. We conclude that the existence of life,
if certain advanced technologies are practical, could have a signiﬁcant inﬂuence on the future large-
scale evolution of the universe.
I. INTRODUCTION
The vast majority of models describing the expansion
of technological life into the cosmos have been designed
at the scale of star-to-star travel, aimed at describing the
process of colonizing the Milky Way [1–6] – an approach
that initially seemed most relevant for SETI. Several de-
velopments now serve to highlight the possibility that
the most relevant scale for the expansion of life could be
cosmological, rather than a local neighborhood of stars –
these include a more detailed technological analysis of in-
tergalactic and cosmological travel, showing that it is not
signiﬁcantly more diﬃcult or expensive than interstellar
travel [7], the continuing multi-decade null results from
SETI searches within the Milky Way [8, 9], and recent
proposals for and null results from the ﬁrst “intergalactic
SETI” surveys [10–15]. This possibility raises the ques-
tion of how a cosmological process of life saturating the
universe should be described, how to extract observable
predictions from various starting assumptions, and what
the physical consequences for the universe will be.
Here we describe such a process in the context of con-
servative assumptions on physics, but aggressive assump-
tions on technology. That is, we assume known limita-
tions imposed by fundamental physics will not be over-
turned by new discoveries made by advanced civiliza-
tions, but we assume several ambitious “in principle”
technological concepts will become practical for maxi-
mally advanced civilizations. In particular, we base our
analysis on the following core assumptions:
1. At early times (relative to the appearance of life),
the universe is described by the standard cosmol-
ogy – a benchmark Friedmann-Robertson-Walker
(FRW) solution1.
∗ stephanolson@boisestate.edu
1 We use a spatially ﬂat FRW solution with ΩΛ0 = .683, Ωr0 =
2. The limits of technology will allow for self-
reproducing spacecraft, sustained relativistic travel
over cosmological distances, and an eﬃcient process
to convert baryonic matter into radiation.
3. Control of resources in the universe will tend to be
dominated by civilizations that adopt a strategy of
aggressive expansion (deﬁned as a frontier which
expands at a large fraction of the speed of the in-
dividual spacecraft involved), rather than those ex-
panding diﬀusively due to the conventional pres-
sures of population dynamics.
4. The appearance of aggressively expanding life in
the universe is a spatially random event and occurs
at some speciﬁed, model-dependent rate.
5. Aggressive expanders will tend to expand in all di-
rections unless constrained by the presence of other
civilizations, will attempt to gain control of as much
matter as is locally available for their use, and once
established in a region of space, will consume mass
as an energy source (converting it to radiation) at
some speciﬁed, model-dependent rate.
These assumptions suggest a physical role for life which
is substantially diﬀerent than usually supposed. Instead
of life as a barely-noticeable feature surviving on top of
a completely indiﬀerent background cosmology, we im-
ply that the behavior of advanced life could ultimately
become a serious variable in the large-scale physical de-
scription of the universe, making substantial alterations
to the matter composition and entropy on a relatively
short timescale, while inducing a small but measurable
3× 10−5, Ωm0 = 1−ΩΛ0 −Ωr0, and H0 = .069 Gyr−1, putting
the present age of the universe at ≈ 13.75 Gyr. We work in co-
moving coordinates and use Gyr and Gly as our units of choice.
The scale factor is denoted by a(t).
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2backreaction on the evolution of the cosmic scale factor
and Hubble parameter.
Describing such possibilities in detail must inevitably
take the form of a cosmological model, and our goal
will be to construct a framework for this kind of model-
building, to examine the issue of observability, and to
numerically evaluate a selection of such models to ex-
plore features of interest. Owing to the homogeneity of
a FRW universe, our core assumptions allow for geomet-
rical simplicity in describing the aggressive expansion of
advanced life. The various underlying processes (such as
the rate of production of habitable planets, probabilities
of biological evolution, technology and behavior patterns,
etc.) are encapsulated into a few basic spatially averaged
functions and parameters, which may be modeled to any
desired degree of complexity. Such an approach encour-
ages the examination of many scenarios with parameters
varying over many orders of magnitude, and to explore
the maximum possible inﬂuence of life on the universe
itself, by coupling the Friedmann equations to the waste
heat of a universe saturating with maximally-advanced
life.
Our expansion model will be built from the following
sets of functions and parameters, including the appear-
ance rate fi(t) of aggressively expanding life per unit co-
ordinate volume (co-moving coordinates) per unit time,
the saturation volume Vi(t
′, t) at time t for a species that
appeared at time t′, and the saturation time Ti, which
describes the length of time between the initial arrival of
the ﬁrst spacecraft at the frontier, and a visible change
to the matter there (due to the assumed aggressive use of
resources). The index i runs over all behavior types con-
sidered. This type of model, in the case of only one be-
havior type and T = 0, corresponds exactly to a model of
nucleation and bubble growth for a ﬁrst-order cosmologi-
cal phase transition2. An illustration of the basic picture
appears in ﬁgure 1.
Because the assumption of homogeneity becomes valid
at a distance scale of approximately 0.25 Gly, this ap-
proach will be most appropriate in the regime where the
appearance rate for aggressively expanding strategies is
very small, allowing early civilizations to expand over
distances larger than the homogeneity scale before be-
ing constrained by other expanding civilizations. Such
a requirement is consistent with both of the two most
obvious interpretations of the “great silence [18],” where
either the evolution of advanced technological life is much
rarer than typically supposed [19], or else the vast ma-
jority of such life chooses not to expand [20]. In the lat-
ter case, non-expanding life will saturate an insigniﬁcant
2 The analogy with a phase transition has been made before, in
the context of ET life, to describe a scenario in which the evo-
lutionary progression of life throughout a single galaxy becomes
correlated due to galaxywide extinction events [16]. The general
idea has since been referred to as a “global regulation mecha-
nism,” [17] but in any case it is distinct from what we are doing
here.
(a) (b)
(c) (d)
FIG. 1: An illustration of the time-development of life
saturating a rectangular portion of the universe. The
transparent spheres represent the initial diﬀuse front of
spacecraft released by advanced civilizations appearing
randomly throughout the universe. The opaque spheres
represent the front of fully life-saturated matter
(appearing a time T after the probe front has passed
by), whose waste heat or large scale engineering eﬀorts
are presumed to be visible across cosmic distances.
(a)-(d) are snapshots at equal time intervals. The
geometry and dynamics of the universe ﬁlling with
saturated matter in this way is analogous to bubble
formation and growth in a ﬁrst-order cosmological
phase transition.
fraction of the universe’s resources, and will not constrain
the growth of rapidly expanding civilizations. There is
a certain irony in noting that the greater the probabil-
ity of advanced life to become inward-focused and to not
expand, the greater will be the applicability of a cosmo-
logical model for describing the relatively rare but rapidly
expanding civilizations.
We organize our work in the following way: Because
any input assumptions on this topic are inevitably sub-
ject to controversy, we begin in section 2 with a discus-
sion and ﬂeshing-out of our core assumptions regarding
the appearance, motives, and behavior of advanced life,
and the limits of technology. Some of these elements will
be critical to the framework, while others can be mod-
iﬁed as needed, corresponding to adjusting a parameter
or other relatively simple changes to the mathematical
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3framework.
Due to the geometrical similarity to a phase transition,
section 3 will be a review of two of the most common de-
scriptions of nucleation and bubble growth in a ﬁrst-order
cosmological phase transition, which give dynamical ex-
pressions for the transformed fraction of space. Section
4 is the theoretical construction of the framework, where
we generalize the phase transition models to include a
distribution over behavior types, and couple the possible
eﬀects of life to the Friedmann equations. We then ob-
tain expressions for determining relative strategy success,
ﬁrst-mover advantage, and the observability of the pro-
cess from a generic vantage point. By introducing a non-
zero saturation time T , we are implying that the rapidly
expanding but diﬀuse “probe front” is not observable,
but the “saturation front” (of large-scale engineering ef-
forts – Dyson spheres [21], stellar deconstruction, waste
heat [13], etc.) following after time T should be observ-
able over great distance. An interesting exception takes
place if the probe front is suﬃciently fast and the satu-
ration time is suﬃciently long; the expansion of the uni-
verse then implies that the saturation front advances with
superluminal speed3, and it becomes eﬀectively impossi-
ble to observe from a distance the expansion of life that
uses such a strategy. Although such a scenario requires
parameters that may seem extreme, it is the limiting case
of a more general phenomenon – the faster the expansion
and the longer the saturation time, the more narrow the
window to observe cosmic saturation in progress before
it overtakes one’s vantage point.
In section 5, we examine numerical solutions for a col-
lection of scenarios that illustrate some general features
of interest. Among these are the limited observability of
the fastest strategies, competition between fast vs. com-
mon strategies, reheating of the universe, and the cosmic
age-dependence of relative strategy success.
The ﬁnal sections are devoted to additional conclu-
sions, and our acknowledgments.
II. UNDERLYING ASSUMPTIONS
The ingredients of our analysis are conventional
physics in a very broad sense, though in keeping with
the theme of aggressive expansion, we will deliberately
push the limits of what may be practically achievable
for a maximally advanced civilization. In any case, how-
ever, we exclude the possibility of faster-than-light travel
or violations of the dominant energy condition. The de-
scription utilizes a solution of the standard cosmology.
3 There is no conceptual tension between causality and the super-
luminal propagation of the saturation front – it is the probe front
(propagating subluminally) that carries the information required
to generate the saturation front, which is constructed locally af-
ter time T .
Though always subject to some debate, we will not ex-
plore possible consequences of modifying these ingredi-
ents here. Far greater uncertainties arise regarding the
appearance, motives, and behavior of advanced life, and
the limits of technology, and so for this reason we discuss
in more detail those assumptions here.
A. Technology
First, we assume that for any relevant species, the de-
velopment of maximally-advanced technology is a sud-
den event on the timescales considered. This follows the
thinking of various authors who have described the con-
cept of an “intelligence explosion,” [22] or a “technolog-
ical singularity,” [23, 24] where increasingly great tech-
nological advances occur in an increasingly compressed
period of time4. As a consequence, we assume that full
mastery of the laws of physics occurs in a short time inter-
val, so that all expanding species considered have already
reached a point of maximum technological sophistication.
For our purposes, we will take this to mean that expan-
sion and resource consumption strategies will not evolve
due to continuing technological advancements after the
initial release of aggressively expanding spacecraft, and
that once a species of “behavior type i” has saturated
the matter in some region of space, we will not need to
consider the possibility of another, far more advanced
species of “behavior type j” re-taking it. Other tech-
nological trajectories are possible, e.g. abandoning the
development of powerful but dangerous nano-scale tech-
nology in an attempt to minimize the risk of planetary
disasters [25], but civilizations choosing such a path can-
not aggressively expand in the manner we will describe,
and will end up occupying an insigniﬁcant fraction of the
universe, eﬀectively removing themselves from the anal-
ysis.
We will assume that relativistic travel is practical over
cosmological distances. This possibility has been consid-
ered in more detail elsewhere, usually in the context of
a spacecraft traveling along a geodesic trajectory [7, 26].
We will consider, however, a class of space probes which
have the capability of sustaining some maximum practi-
cal velocity relative to the local co-moving frame (imply-
ing a non-zero proper-acceleration in the reference frame
of the individual probes) – this would seemingly not be a
diﬃcult requirement for a spacecraft powered by a black-
hole drive of the type described by Crane and West-
moreland [27], if combined with a magnetic ram scoop
to harvest fuel either in the vicinity of individual galax-
ies or in the intergalactic medium itself [28]. We also al-
low for self-reproduction on the part of the probes, using
collected interstellar and/or intergalactic media. In the
4 Possible modiﬁcations of the basic idea, such as replacing expo-
nential technology growth with a logistical function, should not
change the basic conclusion for our purposes.
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4most aggressive technological scenario, this would require
the probes to fuse their own heavy elements from the light
elements they collect over the vast timescales of their
travel (though a periodic “stop to collect resources and
reproduce” strategy would also qualify as aggressive ex-
pansion, so long as the stopping time is suﬃciently small
compared to the intergalactic travel time). Cosmological
travel and self-reproducing capability are really essential
assumptions for this model, enabling the behavior as-
sumptions we describe below. If it turns out that funda-
mental limitations to technology prohibit spacecraft with
these capabilities, the behavior assumptions and expan-
sion model will need to be heavily modiﬁed.
The least conservative technological capability we con-
sider is that maximally advanced life will be able to con-
vert a signiﬁcant fraction of the pressureless matter of
the universe into waste radiation, over a relatively short
period of time (compared with other natural processes),
as an energy source for their civilizations. The pressure-
less matter of the universe (i.e. the major source of en-
ergy density that is not radiation or dark energy) is of-
ten referred to as “dust” and is composed primarily of
dark matter and baryons. The dark matter component
is commonly believed to be weakly interacting massive
particles, and we assume this implies that the vast ma-
jority of dark matter will remain permanently outside
the control of advanced civilizations. A large majority of
the baryonic component of the dust exists in the form of
ionized gas, either held by galaxies or in the intergalactic
medium – stars themselves account for less than 10% of
the baryonic matter in the universe [29]. Our assumption
is that over the course of many billions of years, a sig-
niﬁcant fraction of these baryons will eventually be har-
vested in a universe that becomes ﬁlled with maximally
advanced civilizations. The fraction of baryons remaining
permanently inaccessible to such civilizations will thus
represent a kind of fundamental limitation imposed by
physics, and we assume that it will be a uniform limita-
tion for all aggressively expanding civilizations. The sce-
narios we will describe involve the conversion of 1%−5%
of the cosmic dust into radiation.
The conversion process itself could presumably be ac-
complished via this large-scale collection of massive par-
ticles, feeding them into microscopic black holes which
convert the mass into blackbody radiation at the Hawk-
ing temperature, which in turn is converted into useful
work with heat engines [27]. Of course, we are in no
position to say that this represents the most eﬃcient or
feasible technology for converting mass into work (and
eventually to waste radiation) – it is used only as an
illustration of principle that the laws of physics seem
to allow such processes. Indeed, Hawking radiation is
presently understood only at the semiclassical level, sug-
gesting that major reﬁnements to the basic concept may
eventually become available, while the limiting thermo-
dynamics of feeding a microscopic black hole have not
yet been described, nor have practical limits to collect-
ing mass in the universe been explored. On the one hand,
this means that our estimates for the depth and speed of
life consuming mass as fuel are eﬀectively pure guesses
at this stage. On the other hand, it breaks nothing in
the model if our estimates turn out to be unreasonable
– modifying this assumptions is as simple as adjusting a
parameter, which can be taken to zero if necessary.
B. Motives
We assume that the motives for aggressive expansion
are one possible continuation of the motives which lead to
maximizing technological ability. Once fundamental lim-
its to technology are reached on a home world, the only
way to continue to increase capabilities will be to expand
and coordinate the use of more resources [24]. Others
have argued that advanced life will tend to become in-
ward focused and avoid expansion [30] – we do not con-
test this possibility, provided that some fraction of ad-
vanced species adopt aggressive expansion as a means of
increasing their capabilities (in fact, consistency of our
model with observation requires that aggressive expan-
sion is a rare event in the universe).
In studying aggressive expansion, then, we are not ex-
amining a traditional process of slow biological diﬀusion
driven by the usual pressures of population dynamics. In-
stead, we are examining a process more akin to a cosmic-
scale engineering eﬀort with some pre-determined goal
that requires coordinating the use of vast quantities of
matter and energy. What sort of goal this could be re-
mains speculation at this time – construction of a Gly-
scale brain, or engineering the matter distribution to cre-
ate a locally static universe (to dramatically slow the
causally isolating eﬀect of an accelerating universe [31])
might be two such possibilities. We regard the possibility
that advanced intelligence will make use of the universe’s
resources to simply populate existing earthlike planets
with advanced versions of humans as an unlikely end-
point to the progression of technology.
We ascribe importance to this aggressive sort of expan-
sion because our technology assumptions make it simul-
taneously dominant (over slow, diﬀusive migration) and
cheap (the cost is exactly one probe with general repli-
cation capabilities and suﬃciently detailed instructions).
It could still be the case that most advanced civilizations
choose not to aggressively expand, but the barrier ap-
pears to be very low to doing so, and those making the
decision to do so will end up controlling essentially all of
the resources of the universe.
Debates on the use of self-replicating spacecraft (von
Neumann probes [32]) to explore the galaxy, originating
in the 1980’s [19, 20], were well-aware of the powerful
implications of this kind of technology. The original ob-
jection [20] to the presumed use of such technology in
the galaxy, however, seemed to focus on a type of space
probe with surprisingly primitive instructions, such that
it would simply reproduce itself forever, consuming all re-
sources in a manner counter-productive to the purposes
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5of its original designers. Our position is that this sort of
reasoning was never really an argument against the gen-
eral use of self-reproducing technology in the universe,
but rather an argument against a special case of instruc-
tions (or instructions suﬃciently vulnerable to random
mutation – a technological consideration that seems to
present no fundamental barrier [33]) which would gener-
ally not be useful.
Another motivating factor for expansion and rapid use
of resources comes from the ultimate destiny of the uni-
verse – the expansion of the universe appears to be ever-
accelerating, with the consequence that the amount of
accessible matter declines rapidly as it falls across the
cosmological event horizon. Eventually, all that remains
are causally isolated galaxy clusters [31]. Thus, if a civi-
lization desires any coordination of resources beyond this
scale, it is advantageous to move as quickly and aggres-
sively as possible.
Finally, aside from rational incentives to expand, it is
also possible that an accidental AI catastrophe results
in aggressive expansion – in this scenario, a recursively
self-improving AI with a primitive utility function (e.g.
“maximize performance”) is switched on without suﬃ-
cient safeguards, and the resulting intelligence ﬁnds no
reason to stop at the boundaries of its home world, solar
system, or galaxy.
C. Behavior
Based on the above assumptions, we imagine the fol-
lowing aggressive expansion scenario: A recently evolved
advanced species releases a wave of probes (“expanders”)
in all directions. They are designed to travel at some
maximum velocity v in the local co-moving frame of
reference, and they scoop material from the interstel-
lar and/or intergalactic medium in a manner analogous
to the Bussard ramjet [28]. As the expanders travel
over vast distances and times, they are designed to re-
produce themselves and adjust their velocity slightly at
pre-determined intervals, so that the expanding sphere
of probes maintains a roughly constant density. Also at
pre-determined intervals, the expanders are designed to
construct a diﬀerent type of probe (a “seed probe”) whose
job it will be to decelerate to the local co-moving frame
of reference, reproduce itself from the available matter,
and saturate some speciﬁed volume of space for what-
ever purposes the probes were initially released – a pro-
cess that could take a very long time (which we associate
with the parameter T ). Once matter has been saturated,
life will begin to “burn” mass by converting it into radia-
tion. The fraction of the cosmic dust available for fuel is
A (the inaccessible fraction is I = 1−A), and we assume
that the rate of fuel consumption will be proportional to
the amount of fuel saturated, resulting in an eﬀectively
exponential decay law for the saturated matter, which we
specify with decay constants Γi.
We do not require the details of such a strategy to be
universal amongst expanding species, but the existence of
such a strategy, consistent with our technology assump-
tions, motivates our interest in studying highly aggres-
sive expansion with a range of parameters that include
relativistic v, and we will ﬁnd in section 5 that high-v
strategies tend to dominate the universe, even if their
appearance rate is small compared to low-v strategies.
The “exponential decay” resource consumption model is
chosen mainly for its intuitive simplicity, and incorporat-
ing a more general model of resource consumption is a
likely future improvement of the framework.
We have not speciﬁed the detailed process of reproduc-
tion and spreading of the decelerating seed probes which
ultimately perform the work of saturating a large volume
of available matter. We have only assumed that a con-
stant density of expanders on the probe front implies a
constant time delay T for the saturation process (since
in this case every released seed probe has an identical
volume of space to saturate). A more detailed model of
the saturation process will allow for a more general, time
dependent saturation time T (t, t′). We regard this as a
next-order correction to the framework, as in addition to
the more speciﬁc assumptions required, such modeling
will tend to involve numerical solutions to delay diﬀeren-
tial equations with general time-dependent delays. For
now, we simply assume that our constant T represents
an approximate ﬁnal value of the saturation time after
the density of the probe front has come to some optimal
value speciﬁed in the original probe instructions.
It is also possible and perhaps quite reasonable to
expect that many simultaneous “species” of expanders
would be released from the same civilization with dif-
ferent programming and competitive goals – we expect
that the net eﬀect of such a scenario would be highly ag-
gressive expansion and resource use [6], and should still
be described by a probe front velocity, a characteristic
time to make signiﬁcant changes to matter, and a re-
source consumption function, though with more detailed
models for T and Γ than we introduce here.
D. Appearance
The appearance rate of advanced life has been highly
controversial for decades, but in the present context we
are only interested in the appearance rate for the ag-
gressively expanding subset of civilizations. We assume
these will appear randomly throughout the universe and
in proportion to the number of earth-like planets orbiting
main-sequence stars, which have had suﬃcient time for
intelligence to evolve. For purposes of simple modeling,
we assume that it takes at least 4.5 Gyr for intelligence
to evolve on a newly formed earth-like planet, and that
the window for life to evolve (constrained by stellar evo-
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6lution) is 6 Gyr 5.
With these assumptions in mind, we make use of a
simpliﬁed version of Lineweaver’s model for the forma-
tion rate of earth-like planets in the universe [34]. To
accomplish this, we use a star formation rate SFR(t)
that approximates the basic features of Lineweaver’s ﬁt,
namely that SFR(0) = 0, and that SFR increases expo-
nentially until a maximum at t = 3, where it then begins
an exponential decline until it is reduced by one order of
magnitude at present day (t = 13.75). The simple func-
tion (normalized to unity at t = 3) we use to accomplish
this is given by:
SFR(t) =
{
t
310
t−3 : t < 3
10−
(t−3)
13.75−3 : t ≥ 3
We now integrate the star formation rate to give a func-
tion that will be proportional to the buildup of metallicity
in the universe, i.e. M(t) =
∫ t
0
SFR(t′) dt′. We now use
a simpliﬁed approximation to model the formation rate
of earth-like planets as PFR(t) = M(t)SFR(t), again
normalizing PFR to unity at its maximum value. The
assumption that the appearance rate of aggressively ex-
panding life is proportional to earthlike planets that are
older than 4.5Gyr (time enough for evolution) but no
older than 6Gyr (an approximate lifetime of a habitable
zone) then gives our appearance function:
f(t) = α
∫ t−4.5
t−6
M(t′)SRF (t′) dt′.
The parameter α sets the basic scale for the appearance
rate of expanding life, and is modulated by an integral
which is presently of order unity, but is exponentially
suppressed before t ≈ 7.5Gyr (and is exactly zero be-
fore t = 4.5Gyr). This model is simpliﬁed in the sense
that we do not model a distribution over individual star
metallicities, and so do not take into account the likely
destruction of earthlike planets around extremely high-
metallicity stars, or the promotion of planet formation
when the average metallicity of the universe is still very
low. One can nevertheless see from ﬁgure 2 that our
planet formation rate approximates the basic features of
the Lineweaver model quite well.
In what follows, we will vary our appearance rate
model through the single constant, α. We emphasize that
simple changes to this model (such as postponing the evo-
lution of life due to hostile early conditions) can result
in very substantial changes to the solutions we obtain, as
well as the implied current presence and observability of
life in the universe, though we will not delve into such
alternative models here.
5 This window implicitly ignores the possibility of advanced life
appearing around stable M-dwarfs, for which the habitable zone
lifetime would be dramatically longer.
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(a)
FIG. 2: Star formation rate SFR(t), planet formation
rate PFR(t), and the appearance rate for aggressively
expanding life f(t) (for α = 1), which becomes the
nucleation rate for our model. SFR and PFR are
normalized to a maximum value of unity, while f(t) has
units of appearances per Gly3 of co-moving coordinate
volume per Gyr of cosmic time.
The appearance rate parameters α we will study ex-
tend over ﬁve orders of magnitude, from 1100Gly3 Gyr to
100,000
100Gly3 Gyr . The entire range is much smaller than tra-
ditionally supposed (though again we emphasize that we
consider one subset of total advanced life), with the up-
per end of the range corresponding roughly to one ag-
gressively expanding species per galaxy supercluster per
billion years. This range has been chosen purely to gen-
erate convenient timescales for saturation of the universe
when the probe front is a signiﬁcant fraction of the speed
of light (≥ .01c). Nonrelativistic expansion (or the afore-
mentioned possible delay in the appearance model) al-
lows much higher appearance rates to be consistent with
a neighborhood that seems devoid of aggressively ex-
panding life, but a rate very much higher would pre-
sumably become an obvious feature of ordinary galaxy
surveys.
III. REVIEW OF NUCLEATION AND BUBBLE
GROWTH IN FIRST-ORDER COSMOLOGICAL
PHASE TRANSITIONS
Models of nucleation and bubble growth in a phase
transition are the geometrical basis for our analysis, and
so a brief digression should be useful for those with a
diﬀerent background.
In a ﬁrst-order phase transition, the existence of a
potential barrier prevents a spatially uniform transition
from a metastable vacuum to the true vacuum as tem-
perature is lowered. Instead, thermal ﬂuctuations proba-
bilistically overcome the potential barrier as the temper-
ature falls below criticality. When such a random ﬂuctu-
ation takes place, a bubble of the new phase is nucleated.
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7If the bubble is initially of suﬃcient size, it will then grow
at high speed. Eventually, enough bubbles have formed
and grown so that the entire universe is in the new phase
(see ﬁgure 1).
To calculate the fraction of space remaining in the old
phase, g(t), we would need the nucleation rate per unit
time per unit coordinate volume, f(t) (derived from a
quantum mechanical calculation), and we need the co-
ordinate volume of space occupied by a single bubble
nucleated at time t′, V (t′, t). In a FRW universe, the
latter is given by V (t′, t) = 4π3 (
∫ t
t′
vθ(t′′−t′)
a(t′′) dt
′′)3 (where
θ is the Heaviside step function), assuming that the bub-
bles expand with velocity v in the comoving frame. Next,
we need to specify what happens when expanding bub-
bles collide and merge – diﬀerent assumptions result in
substantially diﬀerent formulas for g(t).
Two of the most popular approaches are given
by Guth-Tye-Weinberg (GTW) [35, 36], and Csernai-
Kapusta (CK) [37]. In the GTW approach, the bubble
walls pass through one another and continue expanding
from their respective centers – i.e. the collision does not
eﬀect the spherical geometry of individual bubbles. If we
assume that “virtual bubbles” continue to nucleate and
grow within real bubbles (being inside a virtual bubble
presumes already and forever being within a real bub-
ble, so g(t) is unaﬀected by this assumption), this allows
us to regard the probability of any point in space being
within bubbles nucleated at diﬀerent times as indepen-
dent events, so that we can express the probability of not
being in any bubble nucleated between times ti and tf
as g(ti, tf ; t) = g(ti, tm; t)g(tm, tf ; t), where ti < tm < tf .
This enables the following:
g(0, t′ + dt′; t) = g(0, t′; t)g(t′, t′ + dt′; t) (1)
= g(0, t′; t)[1− f(t′)V (t′, t)dt′] (2)
dg(0, t′; t)
dt′
= −g(0, t′; t)f(t′)V (t′, t). (3)
The latter equation may be integrated to obtain g(t),
g(t) ≡ g(0, t; t) = e−
∫ t
0
f(t′)V (t′,t)dt′ (4)
which is the Guth-Tye-Weinberg formula.
It was later argued that the assumption of perfectly
overlapping spheres underestimates the growth of col-
liding bubbles, and an approximation was proposed in
which the volume of two colliding bubbles continues to
increase as the sum of their individual volumes. In this
approach, one does not invoke virtual bubbles, and in-
stead asserts that the rate of formation of new bubbles
is proportional to the nucleation rate times the fraction
of space remaining in the old phase, i.e. f(t)g(t). Since
each bubble expands with volume function V (t′, t), unaf-
fected by collisions with other bubbles, we are led to the
following integral equation:
g(t) = 1−
∫ t
0
f(t′)g(t′)V (t′, t) dt′ (5)
which is the Csernai-Kapusta formula, which tends to
overestimate the fraction of space in the new phase
whereas the GTW formula underestimated it. In terms
of probability, the key assumption of GTW is that of
independent events, while the key assumption of CK is
that of mutual exclusivity.
In our context, where bubbles represent the expansion
of probes, and a jump in stress-energy at the bubble wall
is not the signiﬁcant factor driving expansion (but is in-
stead the initial design of the probes), we assume that
“overlapping spheres” gives the correct geometry, favor-
ing the GTW approach. However, in the general case,
with a distribution of bubbles expanding at various ve-
locities, we can no longer invoke the GTW formula or
the reasoning of virtual bubbles and independent events –
this is due to the possibility of fast virtual bubbles break-
ing out of slow real bubbles, leading to an overestimate
of the fraction of space saturated by fast strategies. In-
stead, we note that the CK formula agrees with the GTW
formula if the volume function V (t′, t) appearing in the
CK equation is changed to reﬂect the assumption of over-
lapping spheres, via V¯ (t′, t) = 1g(t′)
∫ t
t′ dt
′′g(t′′)dV (t
′,t′′)
dt′′ –
that is, we integrate the growth rate of a sphere times the
fraction of unsaturated space it expands into, and aver-
age only over “real” spheres formed at t′. This allows us
to simultaneously use the property of mutual exclusivity
and the geometry of overlapping spheres, and will be the
basis for generalizing the phase transition framework to
a distribution of velocities vi in the next section.
It is also important to note the extent of homogeneity
in our analysis of aggressive expansion. Strictly speaking,
the process we will describe is homogeneous only at and
above some maximum feature size ﬁxed at the end of the
transition. Due to statistical variation, the process also
need not appear isotropic from any particular vantage
point, particularly if the number of observable nucleation
events is small, as would tend to be the case early in the
transition. As far as the gravitational ﬁeld is concerned,
however, any induced inhomogeneities should be far less
severe than those already existing due to the presence
of voids and superclusters in the universe, which involve
essentially the entire dust contribution to stress-energy,
while we will model eﬀects involving 1%-5% of the cosmic
dust. Moreover, the eﬀect of mass consumption will be
to take mass from the existing overdense regions of the
universe and convert it into waste radiation, which should
relatively quickly become evenly distributed throughout
the universe.
IV. CONSTRUCTION OF THE FRAMEWORK
For reasons discussed in section 2, we will restrict our
analysis to constant-velocity expansion, i.e. Vi(t
′, t) =
4π
3 (
∫ t
t′
vi θ(t
′′−t′)
a(t′′) dt
′′)3, though we note that other choices
(such as constant coordinate-velocity in a low-velocity
regime) could equally well be analyzed, corresponding to
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8diﬀerent and perhaps less aggressive behavior assump-
tions. Similarly, we will always use an appearance rate
f(t) of the form described in section 2. The accessibility
of cosmic dust is assumed to be a constant for all behav-
ior types. The resource consumption rate amongst the
various strategies is speciﬁed by the decay constants Γi
and the saturation time by Ti. Thus, for our purposes, a
complete expansion and resource consumption strategy is
given by the constants si = {vi, Ti,Γi}, while a complete
scenario is given by specifying all the si together with
the appearance and mass accessibility constants αi and
A. We now describe how the framework is constructed.
A. Multiple expansion strategies
Instead of working with the unsaturated fraction of
space, g(t), as in the last section, we will often ﬁnd it
convenient to work with the fraction of space saturated
by life of behavior type i, namely hi(t), and the total
saturated fraction h(t) =
∑
i hi(t) = 1 − g(t). We thus
express the real, average saturated volume function in
terms of h(t) as:
V¯i(t
′, t) =
1
1− h(t′)
∫ t
t′
dt′′(1− h(t′′))dVi(t
′, t′′ − Ti)
dt′′
(6)
=
4πvi
1− h(t′)
∫ t
t′
dt′′(1− h(t′′))θ(t′′ − t′ − Ti)
(∫ t′′−Ti
t′
viθ(t
′′′−t′)
a(t′′′) dt
′′′
)
2
a(t′′ − Ti) (7)
=
62/3 π1/3 vi
1− h(t′)
∫ t
t′
dt′′(1− h(t′′))Vi(t
′, t′′ − Ti)2/3
a(t′′ − Ti) . (8)
As noted in the previous section, for a single strategy
with T = 0, when this volume function is substituted into
the CK integral equation, one obtains the GTW formula
as a solution. Here we are interested in the case of Ti = 0
and multiple strategies, for which we utilize a coupled set
of analogous integral equations, namely:
hi(t) =
∫ t
0
dt′ (1− h(t′)) fi(t′) V¯i(t′, t). (9)
One should be careful to note the sum (1 − h(t′)) =
(1−∑j hj(t′)) that is lurking under the integral. For nu-
merical calculations, it is convenient to transform these
into a coupled set of ﬁrst-order delay diﬀerential equa-
tions, giving:
h˙i(t) = (1− h(t))6
2/3π1/3vi
a(t− Ti) Xi(t− Ti) (10)
X˙i(t) =
25/3(π3 )
1/3vi
a(t)
Yi(t) (11)
Y˙i(t) =
22/3(π3 )
1/3vi
a(t)
Zi(t) (12)
Z˙i(t) = fi(t). (13)
Here an overdot has denoted a time derivative, and the
functions X(t), Y (t), and Z(t) are identiﬁed by:
Xi(t) =
∫ t
0
dt′ fi(t′) Vi(t′, t)2/3 (14)
Yi(t) =
∫ t
0
dt′ fi(t′) Vi(t′, t)1/3 (15)
Zi(t) =
∫ t
0
dt′ fi(t′). (16)
In the limit that life has zero noticeable backreaction
on the universe, these will be suﬃcient to obtain the sat-
urated fractions hi(t) – in the case that life transforms
mass into radiation, we will need to couple these to the
Friedmann equations to simultaneously solve for the scale
factor a(t).
B. Coupling to the Friedmann equations
First, we divide the pressureless dust ρm into two com-
ponents, an “accessible” component and an “inaccessi-
ble” one, i.e. ρmA = Aρm and ρmI = Iρm with A
and I constants satisfying A + I = 1. Each component
obeys the standard equations of motion for dust, namely
d
dt (a
3ρmA) = 0 and
d
dt (a
3ρmI ) = 0. With the onset of
aggressively expanding life of n distinct strategies, we
further subdivide ρmA into n + 1 components ρmi , with
i ranging from 0 to n. We take the 0-component to rep-
resent the unsaturated fraction of ρmA , i.e. ρm0 = gρmA
while the ith component is that saturated by the ith strat-
egy type, i.e. ρmi = hiρmA . On a suﬃciently large scale,
then, we write the 00-component of the stress-energy ten-
sor of the universe as ρ = ρΛ+ρr+ρmI+
∑n
i=0 ρmi , where
the Λ and r subscripts denote the energy density of the
cosmological constant and radiation, respectively.
In the absence of any mass consumption, the time-
dependence of the hi cause the ρmi to evolve according
This is an author-produced, peer-reviewed version of this article.  The final, definitive version of this document can be found online at Classical and 
Quantum Gravity, published by IOP Publishing.   Copyright restrictions may apply.  doi: 10.1088/0264-9381/32/21/215025
9to:
d
dt
(ρm0a
3) = g˙ (ρmaa
3) =
g˙
g
(ρm0a
3) (17)
d
dt
(ρmia
3) = h˙i (ρmaa
3) =
h˙i
g
(ρm0a
3). (18)
If we now add the assumption that life converts mass
into radiation at a rate proportional to the total amount
of accessible mass it controls, the above equations are
modiﬁed to:
d
dt
(ρm0a
3) =
g˙
g
(ρm0a
3) (19)
d
dt
(ρmia
3) =
h˙i
g
(ρm0a
3)− Γi(ρmia3). (20)
The FRW continuity equation ρ˙ = −3 a˙a (ρ + p) then im-
plies, on a suﬃciently large scale, that the radiation com-
ponent evolves according to:
d
dt
(ρra
4) =
n∑
i=1
Γi(ρmia
4). (21)
These equations, combined with the ﬁrst Friedmann
equation ( a˙a )
2 = 8πGρ+Λ3 and those of the previous sec-
tion give a complete set for modeling the saturation of
the universe by aggressive civilizations, incorporating the
physical backreaction on the universe itself. We are now
in a position go further and address questions of how the
backreaction, observability, relative success of diﬀerent
strategies, and ﬁrst-mover advantage will be quantiﬁed
and plotted based on this model.
C. Backreaction
Having coupled the Friedmann equations to the waste
heat generated by advanced life, we see that a cosmologi-
cal backreaction appears in this model, which will depend
strongly on resource consumption. In the conversion of
mass to radiation, energy density is conserved (though
the energy density of radiation will more quickly be di-
minished with the expansion of the universe), but pres-
sure will be abruptly increased. Due to the Friedmann
acceleration equation a¨a = − 4πG3 (ρ + 3p) + Λ3 which is
implied by the ﬁrst Friedmann equation and the conti-
nuity equation in the previous subsection, one can see
that the eﬀect of converting mass to radiation will be to
temporarily slow the expansion of the universe until the
cosmological constant eventually dilutes all gravitational
eﬀects of matter and causes the universe to asymptoti-
cally approach a de Sitter solution. We will quantify this
eﬀect by plotting the fractional change in the scale factor
and the Hubble parameter, i.e. Δa(t)a(t) =
alife(t)−ano life(t)
ano life(t)
and ΔH(t)H(t) =
Hlife(t)−Hno life(t)
Hno life(t)
, where the subscript “no
life” denotes the standard cosmology solution and “life”
is the solution from our model. In the next section, we
will survey a range of models leading to maximum frac-
tional changes of order 10−5 to 10−3.
D. Average domain size, ﬁrst-mover advantage,
and relative strategy success
Perhaps the most obvious way to compare the rela-
tive success of diﬀerent strategies and starting-times is to
compute the ratio of their ﬁnal average coordinate vol-
umes, lim
t′→∞
V¯i(t, t
′). That is, the ﬁrst mover advantage
of a species of strategy i that appears at time t, relative
to another of the same strategy that appears at a later
time t′ can be expressed by
Ai(t, t
′) ≡ lim
t′′→∞
V¯i(t, t
′′)
V¯i(t′, t′′)
. (22)
Similarly, comparing the success of strategy i to strategy
j for equal appearance time t can be expressed by
Aij(t) ≡ lim
t′→∞
V¯i(t, t
′)
V¯j(t, t′)
. (23)
One may of course also compare diﬀering strategies at
diﬀerent starting times with a ratio Aij(t, t
′) in a com-
pletely analogous way.
We should note in passing that the term “success” in
this context is rather loaded – we do not mean to suggest
a universal measure of utility, but only a simple means of
comparing average domain size across diﬀerent starting
times and strategies.
E. Prior and conditional probabilities of
observability
For a given scenario, two quantities of interest are
the prior probability P (observable) that a randomly
chosen point in space (at a given time) is within
the future light-cone of saturation taking place some-
where in the universe, and the conditional probability
P (observable|not saturated) that a point in space is in
the future light-cone of a saturation event, given that the
point has not itself been saturated. To see how these are
related, we note the following:
P (observable) = P (observable|not saturated)P (not saturated)
+ P (observable|saturated)P (saturated). (24)
Furthermore, we assume that P (observable|saturated) = 1, i.e. we are discounting the possibility of a locally invisible
saturation. This, combined with the normalization condition P (not saturated) + P (saturated) = 1 allows us to
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conclude the following:
P (observable|not saturated) = 1− P (not observable)
P (not saturated)
. (25)
Now, we already know P (not saturated) – it is just g(t).
Thus, we only need to compute P (not observable).
To calculate P (not observable), which is the fraction
of space not within the future light cone of a satura-
tion event, which we denote as j(t), two cases are worth
treating separately. We treat here the case in which all
saturation fronts advance with subluminal speed in the
co-moving frame, and discuss the case of superluminal
propagation in the next section.
The light cones of various strategies are not mutually
exclusive, unlike saturated domains. In fact, since light
cones of all strategies expand at the same speed of light,
we can use the technique of virtual bubbles and indepen-
dent events, so that j(t) =
∏
i ji(t). This implies that a
GTW-like formula holds for each strategy, i.e.
ji(t) = e
− ∫ t−Ti0 dt′fi(t′)V v=1(t′+Ti,t) (26)
where V v=1 is the standard volume function we have been
using for the speciﬁc case of v = 1 (light), and the upper
limit of integration is due to the fact that V (t′, t) vanishes
for t′ > t.
F. Superluminal propagation of the saturation front
In the case that the probe front is suﬃciently fast, and the saturation time T is suﬃciently long, it is possible that
the saturation front advances at a velocity faster than light. If the velocity of the probe front in the co-moving frame
is a constant v (the parameter in our volume functions), then the velocity of the saturation front in the co-moving
frame is given by a time-dependent vs according to:
vs(t) = v
a(t)
a(t− T ) . (27)
In the standard cosmology, this is a decreasing function which asymptotically approaches a constant as the universe
approaches a de Sitter solution in the distant future. If all saturation fronts remain superluminal, then the situation
is straightforward, j(t) = g(t) and P (observable|not saturated) = 0 – i.e. the ﬁrst observable sign that the universe
is being saturated by life, in such a scenario, is to see one’s own neighborhood become saturated. In the case of a
single-strategy scenario which undergoes a transition from superluminal to subluminal saturation fronts, we can again
use the technique of virtual bubbles and independent events, combined with the appropriate volume function given
by:
V obs(t′, t) =
4π
3
(∫ ttrans
t′+T
dt′′
v
a(t′′ − T ) +
∫ t
ttrans
dt′′
1
a(t′′)
)3
(28)
=
4π
3
(∫ t−T
t′
dt′′
[
θ(
v a(t′′ + T )
a(t′′)
− 1) v
a(t′′)
+ θ(1− v a(t
′′ + T )
a(t′′)
)
1
a(t′′ + T )
])3
. (29)
That is, while the saturation fronts advance superluminally, the observability volume is just the saturation volume
itself. When the saturation fronts make the transition to subluminal velocity at ttrans (the solution to v
a(ttrans)
a(ttrans−T ) =
1), the observability volume continues to grow at the speed of light. The single-strategy assumption then gives rise
to a formula for j(t) in GTW form:
j(t) = e−
∫ t−T
0
dt′f(t′)V obs(t′,t). (30)
This is in agreement with the result for the purely subluminal case in the previous section (for the case of a single
strategy), due to the deﬁnition of V obs.
In the general case of many strategies with saturation fronts making the superluminal/subluminal transition at
various times, the geometry is less clear – we cannot invoke virtual bubbles and independent events (due to the multiple
expansion velocities of the observability volumes), nor can we invoke mutual exclusivity, due to the overlapping of
light-cones. Thus, we leave the most general case for j(t) unsolved at this time. The strategy parameters required
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FIG. 3: Probe front velocity v vs. saturation time T required to achieve a saturation front velocity of vs = 1 at
various cosmic times t. The area above any line represents parameter pairs resulting in superluminal propagation of
the saturation front. This is easier to achieve at early cosmic times, and eventually reaches a ﬁnal maximum
diﬃculty at late times as a(t) approaches a de Sitter solution.
for superluminal propagation of the saturation front are rather extreme – we plot in ﬁgure 3 the parameters v vs. T
required to satisfy vs = 1 at various universe ages. Even at the time of the earliest possible civilizations (7.5 Gyr),
and assuming a long saturation time of half a billion years, one can see that vs = 1 requires a probe front velocity
of v ≈ .95c in the co-moving frame (for a Lorentz gamma factor of γ ≈ 3.2). One can see that the numbers become
more extreme at later cosmic times.
V. A SURVEY OF EXAMPLE SCENARIOS
We now explore a range of scenarios to graphically illustrate some basic features of this process. As a convenient
way to do this, we will ﬁrst describe a “default scenario” as a baseline from which to vary our parameters (it is not to
be regarded as a “most probable scenario,” as so little is known about the input parameters – it simply represents one
scenario with convenient timescales). All graphs involving functions of the energy density are expressed in units of the
current critical density of the universe as calculated from the standard baseline cosmology we employ, ρcrit(13.75). We
take the default scenario to be a single-strategy scenario with {v, T,Γ, A, α} =
{
.5, .1 Gyr, ln(2)10 Gyr , .025,
1
100 Gly3Gyr
}
– that is, all aggressively expanding life expands with a probe front moving at .5c, takes 100 million years to saturate
matter after the initial wave of probes have passed by, converts saturated matter to radiation with a half-life of
ten billion years, is able to saturate 2.5% of the cosmic dust within the volume it controls, and such life is currently
appearing in the universe at a rate of≈ 1 appearance per 100 billion cubic light years of unsaturated coordinate volume,
per billion years of cosmic time. The scenario is depicted in ﬁgure 4. In this scenario, the universe is presently
≈ 88% saturated, and saturation became visible “almost everywhere” (P (obs) = .999) at t ≈ 12.5Gyr. Another
ﬁgure perhaps of interest is the average ﬁnal coordinate volume occupied by such a species appearing at present
day (t = 13.75Gyr), namely 0.31Gly3 – for comparison purposes, the volume of the Virgo supercluster is roughly
10−3Gly3, and the ﬁnal coordinate volume encompassed by a spherical light pulse emitted today is 2× 104Gly3.
Also notable is the magnitude of ﬁrst-mover advantage (a very early civilization can expect to capture multiple
hundreds of times more volume than one appearing at present day) and the backreaction on the evolution of a(t)
and H(t), resulting in maximum changes on the order of 10−4 – note that ΔHH eventually returns to 0, as the future
evolution of the universe is increasingly dominated by the cosmological constant, while the scale factor remains
permanently smaller than it would otherwise be. Using this scenario as a standard, we now vary parameters in order
to point out some speciﬁc features of interest.
A. Superluminal propagation of the saturation front
We describe the single-strategy scenario {v, T,Γ, A, α} =
{
.94, .8 Gyr, ln(2)10 Gyr , .025,
1
200 Gly3Gyr
}
in ﬁgure 5. Com-
pared to the default scenario, we have made the probe front much faster, the saturation time much longer, and cut
the appearance rate by a factor of 2 (mass consumption parameters are left unchanged). The eﬀect is to induce a su-
perluminal/subluminal transition in the saturation front that takes place at approximately 11.5Gyr – P (obs|not sat)
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FIG. 4: The default scenario with {v, T,Γ, A, α} =
{
.5 c, .1 Gyr, ln(2)10 Gyr , .025,
1
100 Gly3Gyr
}
. (a) illustrates the
probability that a random point in space is saturated P (sat), the fraction of space from which saturation is
observable P (obs), and the conditional probability that a non-saturated point can observe saturation,
P (obs|not sat). (b) illustrates the “coordinate energy density” (a3ρ) of unsaturated but accessible matter ρ0,
saturated matter ρ1, and radiation ρr – energy density is expressed in units of the current critical density of the
universe, ρcrit(13.75). (c) illustrates the ﬁrst-mover advantage function A(t, 13.75) relative to an aggressively
expanding species appearing today. (d) illustrates the fractional change (slowing) in the scale factor and Hubble
parameter induced by the conversion of mass to waste radiation.
is exactly zero before this transition and climbs slowly after it. Equivalently, one can see that P (sat) and P (obs) are
essentially on top of each other throughout the duration of the transition.
In this scenario, the universe is currently 98.8% saturated, but saturated matter is only visible from 2.5% of the
small remaining unsaturated portion of the universe. Such models illustrate the complexity in interpreting a potential
null result in searches for intergalactic saturated matter.
B. Rare fast expanders vs. common slow expanders
Here we introduce our ﬁrst competitive scenario with two distinct expansion strategies. The scenario is deﬁned
by {v1, v2, T1, T2,Γ1,Γ2, A, α1, α2} =
{
.5c, .01c, .1Gyr, 0Gyr, ln(2)10 Gyr ,
ln(2)
10 Gyr , .025,
1
100Gly3Gyr ,
100,000
100Gly3Gyr
}
and is de-
picted in ﬁgure 6. We have taken the default scenario and added a second type of civilization that is far more
common, but expands far more slowly. The zero saturation time of the second behavior type could be interpreted
as characteristic of a strategy in which successive outward steps are taken only after the local matter has been fully
saturated – this would also be consistent with the much slower probe front.
Note that, because of the models used for the appearance rate and expansion volume, the equations for saturated
fraction hi(t) depend on the multiplicative combination αi v
3
i , so that the dynamics of hi(t) is invariant under scalings
that leave this combination constant. For example, hi(t) will be unchanged if vi is decreased by a factor of 10 and αi
is simultaneously increased by a factor of 1,000. Using this fact, it is easy to generate a variety of competitive strategy
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FIG. 5: Superluminal scenario with {v, T,Γ, A, α} =
{
.94, .8 Gyr, ln(2)10 Gyr , .025,
1
200 Gly3Gyr
}
. Note that in (a), the
saturation takes place much more quickly than the default scenario, but P (obs|not sat) increases much more slowly.
scenarios covering many orders of magnitude in v and α. Note, however, that in the general case neither P (obs)
nor P (obs|not sat) is invariant under such a scaling – as ﬁgure 6b illustrates, the presence of a “slow but common”
behavior type in the universe causes saturated matter to very rapidly become observable from almost everywhere.
C. Reheating
In the default scenario, we illustrated a jump in the radiation energy-density of the universe as it became saturated
with mass-consuming civilizations. Here, we illustrate the change to the thermodynamic variables associated with the
radiation component of the universe, with one caveat; we do not assume that such radiation is immediately in thermal
equilibrium, only that it will thermalize eventually, and so we plot in ﬁgure 7 the quantities ρ
1/4
r and ρ
3/4
r , which are
always well-deﬁned and will be proportional to the temperature and entropy density of radiation, respectively, in the
fully thermalized case.
Speciﬁcally, two default scenarios are plotted with modiﬁcations to A (the fraction of accessible dust mass) and Γ
(the decay constant) given by {Γ, A} =
{
ln(2)
Gyr , .05
}
and {Γ, A} =
{
ln(2)
10Gyr , .01
}
, representing particularly aggressive
and tame use of resources, respectively, with corresponding changes to the radiation content of the universe. In the
tame scenario, the jump in ρ
3/4
r (entropy density) is a single order of magnitude, whereas the aggressive scenario results
in a jump approaching three orders of magnitude. The jumps are calculated by comparing against the same quantities
obtained from the standard cosmology, represented by the dashed lines. The backreaction on the scale factor and
Hubble parameter is also plotted, with fractional changes of order 10−5 in the tame scenario and approaching 10−3
in the aggressive scenario.
While the jumps in the radiation component of entropy are large in some scenarios, (with corresponding eﬀects on
the temperature, equation of state parameter, and backreaction on the expansion history) in discussions of the total
entropy budget of the universe, one may be tempted to conclude that such changes are unimportant since they are
dwarfed by the supermassive black hole contribution to total entropy [38]. This will be true if one includes the horizon
entropy of black holes but excludes the entropy of the cosmic event horizon. If one includes the cosmic event horizon,
one ﬁnds a slightly diﬀerent story – due to the backreaction on the expansion history, the area of the cosmic event
horizon (as viewed from the present, t = 13.75) will be slightly enlarged by a factor of order 10−3 in the aggressive
scenario described here. While this is a small fractional increase in total entropy, it nevertheless represents a change
that exceeds all local contributions to the entropy budget of the universe, including that of supermassive black holes,
due to the enormous entropy of the cosmic event horizon which dominates all other sources.
D. Crossing scenarios
Some strategies will strictly dominate others in terms of the ﬁnal (average) volume controlled by the individual
civilizations adopting them – this will happen whenever both the probe front velocity v is higher and the saturation
time T is lower than a competing strategy. However, in the case where we compare a strategy with a higher v to
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FIG. 6: Fast vs. common scenario described by
{v1, v2, T1, T2,Γ1,Γ2, A, α1, α2} =
{
.5, .01, .1Gyr, 0Gyr, ln(2)10 Gyr ,
ln(2)
10 Gyr , .025,
1
100Gly3Gyr ,
100,000
100Gly3Gyr
}
. (a) The
default scenario is modiﬁed by the addition of a slower but more common competing strategy (subscript 2). (b) Due
to the common strategy, saturation is very rapidly visible from almost everywhere. (c) Relative strategy success
A21(t) changes by a factor of two during the transition as the saturation time delay becomes more signiﬁcant in a
crowded universe. (d) illustrates that ﬁrst-mover advantage decays more rapidly for strategies with a large delay.
a strategy with a smaller T , the ranking of strategy success can become a time-dependent list (equivalently, relative
strategy success Aij can transition from greater than to less than unity). We illustrate this possibility in ﬁgure 8 with
strategies that are modiﬁed from the default scenario by {v1, v2, T1, T2} = {.5, .52, .01Gyr, .1Gyr} – i.e. strategy 1 is
“less delayed” whereas strategy 2 is “faster.” If adopted suﬃciently early, the faster-moving strategy 2 is expected to
saturate more matter by the end of the transition, whereas adoption at late times (when crowding becomes a more
important factor) will favor the less-delayed strategy 1. Conversely, the scenario also shows that the less-delayed
strategy 1 saturates more of the total universe early on, but is overtaken at late times by the faster-moving strategy
2.
VI. CONCLUSIONS
A feature common to every model we have explored
is the very low appearance rate for aggressively expand-
ing life. This was done to obtain solutions in which the
universe is not already completely saturated with life.
If one takes this as a requirement, such that the appar-
ent emptiness of our galaxy should not be an extremely
improbable event, but simultaneously allow that tech-
nology will enable fast expansion speeds, then extremely
low appearance rates become almost unavoidable. This
will mean that the characteristic distance to the near-
est aggressive expansion event is likely to be very large
from the viewpoint of life (such as humanity) that has
found itself in an empty region of the cosmos. We thus
expect on quite general grounds that specialized observa-
tion techniques would be necessary to detect aggressive
expansion events, rather than surveys of nearby galaxies
within or close to our own supercluster.
Our most general conclusion is simply that the nature
of life and the possible limits of technology, when taken
together, should force us to reconsider the future large-
scale evolution of the universe. Life seeks out sources of
thermodynamic free energy, and technology is the great
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FIG. 7: Two reheating scenarios described by varying {Γ, A} (rate of mass conversion and fraction of available
mass) in the default scenario, representing aggressive and tame mass-consumption scenarios. (a), (b), and (c)
correspond to {Γ, A} =
{
ln(2)
Gyr , .05
}
, while (d), (e), and (f) correspond to
{
ln(2)
10Gyr , .01
}
. If the waste radiation were
immediately thermalized, then ρ
1/4
r ∝ temperature and ρ3/4r ∝ entropy density. Note also the signiﬁcant diﬀerence
in the scale factor backreaction, between the two cases.
enabler. Having identiﬁed processes (such as black hole
evaporation) which convert “dead” mass directly into
thermal radiation, one is immediately confronted with
the question of how successful a fully life-saturated and
technology-maximized universe will eventually be at ex-
ploiting them, and what the physical consequences will
ultimately be.
We have argued that the dynamics of nucleation and
bubble growth in a ﬁrst-order phase transition is nat-
urally carried over to a description of aggressively ex-
panding life saturating the universe, due to the geomet-
rical similarities (spatially random events and spherical
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(c)
FIG. 8: A two-strategy scenario with multiple crossings, given by {v1, v2, T1, T2} = {.5, .52, .01Gyr, .1Gyr} (other
parameters same as default). (a) The less delayed strategy 1 initially captures more of the universe, but is overtaken
by the faster strategy 2. (b) From the point of view of an individual species, the faster strategy 2 saturates more
space if the species appears suﬃciently early – appearing at later times, the less-delayed strategy 1 is more
successful. (c) The greater delay of strategy 2 results in a more rapid decay of ﬁrst-mover advantage.
expansion). However, due to the abundance of waste ra-
diation appearing in this picture, it is tempting to regard
the eﬀects of aggressively expanding life as a literal ther-
modynamic phase transition – an abrupt change to the
equation of state and thermodynamic variables describ-
ing the universe. We are accustomed to regarding the
thermal eﬀects of life as due to very special initial condi-
tions. A Petri dish, for example, ﬁlled with nutrients and
a few bacteria can be expected to have a very diﬀerent
thermodynamic future than a Petri dish ﬁlled with nu-
trients alone, due to the special initial conditions implied
by specifying that bacteria are present – the initial condi-
tions are pre-conﬁgured for an immediate collapse in the
free energy. The cosmological process we have described,
however, begins with no life initially, so it must represent
a general kind of transition between states, i.e. one that is
not merely a consequence of ﬁne-tuning the initial condi-
tions. The statistical process by which the universe ﬁnds
and abruptly transitions to the radiation-ﬁlled, higher-
entropy state we have described is not through thermal
ﬂuctuations or tunneling directly to a new vacuum – it
is through the elaborate and indirect route of evolving
life and general intelligence that forever hungers for new
sources of free energy.
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